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Van der Waals heterobilayers based on 2D transition metal dichalcogenides have been
recently shown to support robust and long-lived valley polarization for potential val-
leytronic applications. However, the role of the band structure and alignment of the
constituent layers on the underlying dynamics remains largely unexplored. Here we
study spin–valley relaxation dynamics in heterobilayers with different band structures
engineered via the use of alloyed monolayer semiconductors. Through a combination
of time-resolved Kerr rotation spectroscopic measurements and theoretical modelling
for Mo1−xWxSe2/WSe2 samples with different chemical compositions and stacking an-
gles, we uncover the roles of interlayer exciton recombination and charge carrier spin
depolarization in the overall valley dynamics. Our results provide insights into the
microscopic spin–valley polarization mechanisms in van der Waals heterostructures for
the development of future 2D valleytronic devices.
Two-dimensional transition metal dichalcogenides
(TMDs) possess two sets of optically addressable
helicity-selective valleys (K+/K−) and thus provide a
very promising material platform for the development
of valleytronic devices [1–4]. For practical applications,
valley polarization has to persist on extended time
scales. However, valley relaxation dynamics in mono-
layer TMDs are often severely limited by the efficient
exchange interaction and fast radiative recombination of
direct intralayer excitons [5–8].
On the other hand, heterobilayers consisting of two
vertically stacked different TMD monolayers can exhibit
significantly longer valley lifetimes owing to the ultrafast
separation of electrons and holes between the layers via
tunneling and suppression of the fast valley relaxation
channels [9, 10]. Recent studies have highlighted the
role of interlayer excitons and charge carriers in the over-
all spin–valley dynamics of TMD heterobilayers [11] and
demonstrated valley relaxation times of resident holes on
the microsecond scale [12, 13]. However, the underlying
microscopic mechanisms of spin and valley relaxation,
including interactions between different excitonic species
and charge carriers, are not yet fully understood. More-
over, open questions remain regarding the effects of the
TMD chemical composition, stacking angle, and band
alignment [14].
Atomically thin layers of TMD alloys, such as
Mo1−xWxY2 (Y = Se, S), provide an attractive means
to explore the connection between valley relaxation pro-
cesses and intrinsic material properties defined by the
band structure [15–17]. Through a continuous tuning
of the W/Mo relative concentration x, monolayer alloys
with controllable band gap, exciton transition frequency,
and spin–orbit splitting in the conduction and valence
bands can in principle be obtained [18, 19]. Despite
the great level of band structure tunability demonstrated
in alloy-based heterostructures [20], the associated spin–
valley relaxation dynamics remains unexplored.
In this work, we investigate the spin–valley relaxation
dynamics in TMD alloy-based heterobilayers with con-
trollable chemical composition and stacking angle. By
probing the spin–valley polarization on the direct exci-
ton resonances of both constituent layers, we uncover the
coupled dynamics of spin- and valley-polarized interlayer
excitons and resident electrons, and extract the corre-
sponding interaction strength. We introduce a model
that takes into account different tunneling rates of elec-
trons and holes in the heterobilayer and fully describes
the observed dynamics and their temperature dependen-
cies. Our results provide insight into the fundamental
mechanisms of valley relaxation in van der Waals het-
erostructures and demonstrate control on valley polar-
ization dynamics via alloying.
We investigate spin–valley dynamics in different sam-
ples of hBN/Mo1−xWxSe2/WSe2/hBN structures with
time-resolved Kerr rotation (TRKR) micro-spectroscopy.
The sample fabrication procedures and measurement
technique are described in Methods. As illustrated in
Fig. 1a, degenerate circularly polarized pump and lin-
early polarized probe pulses with a controlled delay are
focused onto the sample, and the rotation angle of the
probe polarization plane is measured in the reflection ge-
ometry as a function of pump-probe delay.
First, we consider Kerr rotation (KR) signals measured
in a Mo0.5W0.5Se2/WSe2 heterobilayer. The KR spec-
trum is plotted in (c) as the normalized time-integrated
KR angle for different pump/probe pulse center wave-
length. For the heterobilayer region (blue open circles
and curve), two Fano-shaped resonances are observed:
one at ∼ 1.72 eV corresponding to the A exciton reso-
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2FIG. 1. Kerr rotation measurement. (a) Schematic of
the experiment, with circularly polarized pump and linearly
polarized probe pulses. (b) Reflectivity contrast spectra for
the Mo0.5W0.5Se2 monolayer (green), WSe2 monolayer (red),
and Mo0.5W0.5Se2/WSe2 heterobilayer (blue). (c) Integrated
Kerr rotation signal as a function of excitation/detection fre-
quency for Mo0.5W0.5Se2 (green symbols), WSe2 (red sym-
bols), and Mo0.5W0.5Se2/WSe2 heterobilayer (blue symbols).
The lines are guides to the eye.
nance in monolayer WSe2 and the other at ∼ 1.61 eV
corresponding to that in Mo0.5W0.5Se2. Time-integrated
KR spectra measured in the monolayer regions on the
same sample are shown with green diamonds and red
solid circles, respectively. Corresponding reflectivity con-
trast spectra for these three regions on the sample are
presented in (b). We note that the resonances in the
heterobilayer are slightly red-shifted as compared to the
monolayer data due to the changes in the dielectric en-
vironment. Additionally, the resonances observed in KR
are further red-shifted with respect to those observed in
the reflectivity contrast spectra, which suggests a contri-
bution to the KR signals due to the formation of trions.
For the following discussion, we denote the observed
resonances as M (exciton in the alloy monolayer) and W
(exciton in the WSe2 monolayer). The dynamics of the
KR signal in the heterobilayer for the M and W reso-
nances, shown in Fig. 2a,b, respectively, exhibit different
behaviors. For the M resonance (a, red circles), the KR
signal undergoes a fast (∼ 1 ps, see inset) decrease and
then decays very slowly on a 100 ns scale. For the W
resonance (b, red circles), the KR signal rises for ∼ 1 ps
(see inset), followed by decay on an intermediate 100-
1000 ps scale and further slower few-ns dynamics. KR
time traces for the corresponding monolayers, taken on
the same sample, are shown in (a)-(b) as blue curves for
comparison.
To describe the different spin–valley dynamics ob-
served for the two resonances and gain insight into the
underlying microscopic mechanisms, we introduce a sim-
ple model (see full description in the Supplementary In-
formation). The experimentally measured Kerr rotation
angle θKR is defined by the difference in pump-induced
reflectivity changes δr+ and δr− for excitons in K+ and
K− valleys, respectively, which in our case is mainly due
to the difference in valley-dependent exciton frequency
shift δω0:
θKR = −Im
[
δr+ − δr−
2r
]
∝ δω0.
The frequency shift arises from the interaction of in-
tralayer excitons (direct, DX) with pump-induced popu-
lations of intralayer and interlayer (indirect, IX) excitons,
as well as free charge carriers (C), and thus reflects the
associated valley polarization. Our samples are slightly
n-doped, which is supported by the existence of long-lived
KR signals and sizeable trion photoluminescence inten-
sity in the alloy, as well as gate-dependent measurements
on similar structures. This results in a finite density of
resident electrons in the conduction band (CB) of the
Mo0.5W0.5Se2 layer and the absence of resident holes in
the WSe2 layer, defining different valley dynamics on the
W and M resonances in the heterobilayer.
For the W resonance, the KR signal is then expressed
FIG. 2. Spin–valley relaxation dynamics for the W and
M resonances. (a) Time-resolved Kerr rotation (TRKR) ki-
netics measured on the M resonance for Mo0.5W0.5Se2 mono-
layer (blue curve) and Mo0.5W0.5Se2/WSe2 heterobilayer (red
circles), with model curve shown in black. Inset shows
the TRKR data at small time delays. (b) TRKR kinet-
ics measured on the W resonance for WSe2 monolayer (blue
curve) and Mo0.5W0.5Se2/WSe2 heterobilayer (red circles),
with model curve shown in black. Inset shows the TRKR
data at small time delays. (c) Schematics of the interlayer
exciton formation under laser excitation on the M resonance.
(d) Schematic for the W resonance.
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θKR ∝ V DDXX (n+DX − n−DX) + V DIXX(n+IX − n−IX),
where coefficients V DDXX , V
DI
XX represent the strength of
the intralayer–intralayer and intralayer–interlayer exci-
ton interactions, respectively, and n+,−DX,IX are the popu-
lations of intralayer and interlayer excitons with spin +1
and −1. After the initial DX formation, electrons quickly
(∼ 100 fs) tunnel into the alloy layer (see Fig. 2d), effi-
ciently transferring the valley polarization to interlayer
excitons and avoiding the fast valley depolarization ob-
served in monolayer WSe2 (Fig. 2b, blue curve). We note
that since V DIXX can be higher than V
DD
XX , the KR signal
can experience a short initial increase, which is observed
in the experimental data shown in the inset of Fig. 2b
(see Supplementary Information for details).
After the electrons have tunneled into the alloy, the
slower KR dynamics is determined by the depolarization
and recombination of interlayer excitons. While the ex-
change interaction is suppressed for interlayer excitons,
depolarization can still happen via interaction with un-
polarized resident electrons in the CB of the alloy layer.
Considering the recombination rate γIX , density of res-
ident electrons ne, and IX–electron interaction strength
V IEXC [21], we write kinetic equations for the population
dynamics:
m˙e(t) = −me(t)n˜IX(0)e−γIXtV IEXC +mIX(t)neV IEXC ,
m˙IX(t) = −mIX(t)neV IEXC +me(t)n˜IX(0)e−γIXtV IEXC ,
where mIX(t),me(t) represent valley polarization for in-
terlayer excitons and resident electrons, respectively, and
n˜IX(0) is the IX population created initially through
electron tunneling. The solution (see Supplementary In-
formation) shows two different time scales for the KR
dynamics with corresponding rates γIX for IX recom-
bination and γXC = neV
IE
XC for carrier-induced depo-
larization. This results in a multi-exponential decay, as
seen in the experimental data shown in Fig. 2b, with the
longest dynamics corresponding to the IX recombination.
This situation is different from that for p-doped sam-
ples, where the longest dynamics would be determined
by hole depolarization times and could reach microsec-
ond scale [11, 12]. By applying the model to our data, we
extract the electron concentration ne ∼ 1011 cm−2 and
IX–electron interaction strength V IEXC ∼ 10−2 µeV µm2.
When exciting the M resonance in the heterobilayer
(see Fig. 2c), the depolarization of direct excitons hap-
pens faster [16] than in WSe2, while the tunneling rate for
the holes can be estimated as ∼ 0.1 of that for the elec-
trons, based on the density of states in the WSe2 and al-
loy conduction and valence bands. With both the tunnel-
ing and valley depolarization rates on a ∼ 1 ps scale, the
valley polarization can initially rapidly decrease, as ob-
served experimentally in the KR time trace shown in the
inset of Fig. 2a (red circles). The following long ∼ 100 ns
KR signal decay is due to the net valley polarization of
resident electrons in the alloy CB. A possible mechanism
FIG. 3. Temperature dependence of the spin–valley
dynamics in Mo0.5W0.5Se2/WSe2. TRKR kinetics for se-
lected sample temperature values (symbols), together with
fits (curves), for measurements on the M resonance (a) and
W resonance (b). Extracted time constants as functions of
sample temperature for the M resonance (c) and W resonance
(d).
for this polarization involves resonant excitation of tri-
ons, consisting of an exciton in one valley and an electron
in the opposite valley, followed by their fast depolariza-
tion and subsequent recombination [22], which creates
a spin-polarized cloud of resident electrons [23]. Since
the created population of interlayer excitons is small in
this case, IX-electron interaction is inefficient, and the
dynamics is governed by the spin depolarization of the
resident electrons. We note that in comparison to the
heterobilayer, KR signal in the monolayer Mo0.5W0.5Se2
exhibits a more pronounced initial decay (Fig. 2a, blue
curve) and dynamics on a ∼ 1 ns scale, which is likely
due to localized excitons and trions.
Our model for the KR dynamics near the M and W res-
onances in the heterobilayer is further supported by cor-
responding temperature dependencies. KR time traces
measured at selected sample temperatures are shown
in Fig. 3a,b (symbols) for the M and W resonances in
Mo0.5W0.5Se2/WSe2, respectively, together with corre-
sponding fit curves. For the M resonance, the relaxation
is slow at 10 K and accelerates quickly with tempera-
ture (a), while for the W resonance the few-ns dynamics
persists up to ∼ 70 K (b). The extracted from the fits
time constants are plotted in Fig. 3c,d as functions of
temperature and reveal qualitatively different behavior.
For the M resonance (c), the highest time constant ex-
4FIG. 4. Spin–valley dynamics in Mo0.5W0.5Se2/WSe2
heterobilayers with different stacking angles. (a) Time-
integrated KR signal as a function of wavelength for hetero-
bilayers with stacking angle = 25◦ (green symbols), 6◦ (blue),
and 1◦ (red). The lines are guides to the eye. (b) TRKR dy-
namics for heterobilayers with the indicated stacking angles
(symbols), together with fits (curves).
hibits an inverse power dependence ∝ T−α with α ∼ 3.7
(black dashed line), which suggests its association with
electron spin depolarization processes via Elliott-Yafet
type mechanisms in the CB of Mo0.5W0.5Se2.
In contrast, for the W resonance (Fig. 3d), all extracted
time constants exhibit a thermally-activated behavior,
which can be described via temperature-dependent relax-
ation rates γ(T ) = γ0+γ∞ exp(−Ea/kBT ), where γ0, γ∞
are zero- and high-temperature decay rates, Ea is acti-
vation energy, and kB is the Boltzmann constant. The
corresponding fits to the experimental data are shown
in Fig. 3d by black dashed curves. For the largest time
constant in Fig. 3d (blue symbols), corresponding to the
interlayer exciton recombination, we extract an activa-
tion energy of ∼ 30 meV, which is close to the range of
optical phonon frequencies in TMD monolayers [24]. We
also note that for the intermediate time constants, cor-
responding to the IX–electron scattering processes, we
extract similar albeit slightly higher (∼ 40 meV) activa-
tion energy, which suggests the increasing role of optical
phonons for the associated IX valley relaxation.
Using the established model of spin–valley relaxation,
we proceed to explore the spin–valley dynamics in alloy-
based heterobilayer samples with different band struc-
tures. We first compare the results of KR measurements
on Mo0.5W0.5Se2/WSe2 heterostructures with different
stacking angles. Fig. 4 shows time-integrated KR spectra
(a) and corresponding time traces (b) measured on the
W resonance at a temperature of 10 K for three different
samples with stacking angles of θ ∼ 25◦ (green color), 6◦
(blue), and 1◦ (red). The stacking angle, which defines
the relative orientation between the crystal axes of the
two constituent layers (see insets in Fig. 4a) and accord-
ingly the momentum mismatch between their K+/K−
points in the Brillouin zone, is controlled during the fab-
rication process and precisely measured via polarization-
resolved second harmonic generation spectroscopy as de-
scribed in Methods and Supplementary Information.
With decreasing stacking angle, in Fig. 4a we observe
a continuous spectral shift of the Fano-like W resonance
peak in KR spectra to lower photon energies, accom-
panied by a slight spectral broadening. For the almost
fully aligned structure (1◦), the resonance is red shifted
by ∼ 70 meV with respect to the misaligned one (25◦),
with similar shifts observed in the reflectivity contrast
spectra (see Supplementary Information). This behav-
ior likely arises from the perturbations of the excitonic
bands due to hybridization effects, as has been recently
predicted [25] and observed experimentally in homo- and
hetero-bilayers of 2D semiconductors [26, 27]. For small
stacking angles, the momentum mismatch between the
K+/K− valleys in the two layers is minimized, and inter-
layer charge tunneling starts playing a role, which causes
angle-dependent direct exciton red shift and broaden-
ing [27]. The spectral shifts and broadening observed
in our Mo0.5W0.5Se2/WSe2 samples suggest that, while
there is still a significant difference between the conduc-
tion band edges of Mo0.5W0.5Se2 and WSe2 monolayers,
hybridization with the interlayer exciton is still possi-
ble [25].
The experimentally measured TRKR kinetics are
shown in Fig. 4b. According to the model, we extract
two time constants for the IX recombination rate γIX
and IX depolarization rate γXC due to interaction with
resident electrons in the CB of the alloy monolayer. The
corresponding IX recombination time τIX = γ
−1
IX de-
creases significantly at small stacking angles from 4.8 ns
for θ = 25◦ to 0.8 ns and 1.2 ns for θ = 6◦ and 1◦, respec-
tively. This is due to faster radiative IX recombination
for smaller momentum mismatch between the K+/K−
valleys in the two layers and better overlap between the
electron and hole wavefunctions, as well as hybridization
with short-lived direct excitons in WSe2. Similar trend,
although not as strong, is observed for the valley depolar-
ization time τXC = γ
−1
XC , which is reduced from 340 ps
for θ = 25◦ to 240 ps and 160 ps for θ = 6◦ and 1◦,
respectively. Assuming similar resident electrons den-
sity in the three studied samples, which is reasonable be-
cause they are assembled from the same monolayers and
protected from environment by hBN, these results imply
that the IX-electron interaction strength is reduced for
smaller stacking angles.
We further explore the relation between the spin–
valley dynamics in TMD heterobilayers and their band
structure by studying TMD stacks based on alloys
Mo1−xWxSe2 with different W/Mo composition ratio
x (see Fig. 5a). To this end, we measure KR time
traces in MoSe2/WSe2 (x = 0), Mo0.5W0.5Se2/WSe2
(x = 0.5), and Mo0.33W0.67Se2/WSe2 (x = 0.67) sam-
ples for varying sample temperature and extract spin–
valley relaxation time constants from multi-exponential
fits. For consistency, the alloy and WSe2 monolayers in
the selected heterobilayers are aligned, with correspond-
5FIG. 5. Spin–valley dynamics in Mo1−xWxSe2/WSe2 heterobilayers with different alloy composition. (a)
Schematic band structures for samples with different W/Mo concentration. (b)-(d) Extracted TRKR time constants as func-
tions of temperature for heterostructures with different chemical composition: (b) MoSe2/WSe2, (c) Mo0.5W0.5Se2/WSe2, and
(d) Mo0.33W0.67Se2/WSe2.
ing stacking angles within few degrees.
The extracted time constants for the KR dynamics on
the W resonance are plotted in Fig. 5b-d as functions of
temperature for Mo1−xWxSe2/WSe2 heterobilayers with
x = 0 (a), x = 0.5 (b), and x = 0.67 (c). All of them
exhibit thermally activated behavior similarly to Fig. 3d,
with corresponding fits plotted as solid curves. For the
longest time constants (black), we extract activation en-
ergies of 17 meV, 23 meV, and 22 meV for MoSe2/WSe2,
Mo0.5W0.5Se2/WSe2, and Mo0.33W0.67Se2/WSe2 sam-
ples, respectively, with little variation for different chem-
ical composition. This supports our assignment of ther-
mally activated scattering on optical phonons as the un-
derlying mechanism for the temperature dependencies
observed on the W resonance. Similarly, activation en-
ergies extracted for the smaller time constants do not
exhibit a clear trend in the W/Mo composition ratio x.
On the other hand, overall the extracted time constants
show a clear and significant reduction with increasing W
concentration in the alloy layer, decreasing by an order
of magnitude for x = 0.5 (c) and by another order of
magnitude for x = 0.67 (d). We attribute this behavior
to the increased interlayer excitonic hybridization when
the band structure of the heterobilayer is transformed
towards that of a homobilayer.
In summary, we study temperature-dependent spin–
valley dynamics in 2D heterostructures based on alloy
TMD monolayers. Our experimental results demonstrate
qualitatively different behaviors for valley polarization
excited on the excitonic resonances in WSe2 and alloy
layers. Using a simple model, we highlight the role of val-
ley polarized resident electrons in the dynamics observed
on both resonances and separate the effects of interlayer
exciton depolarization and recombination. Further, our
results demonstrate that spin–valley dynamics in 2D
heterobilayers depends sensitively on the band structure
and alignment of the constituent monolayers. This
suggests alloying as an attractive option for controlling
the valley polarization dynamics in 2D materials for the
development of future valleytronic devices.
Methods
Sample fabrication. Samples of encapsulated
Mo1−xWxSe2/WSe2 heterobilayers with different W/Mo
concentration ratios x = 0, 0.5, 0.67 were prepared by
dry transfer on Si substrates with a 90 nm thick ther-
mal oxide. Flakes of monolayer WSe2, monolayer al-
loy Mo1−xWxSe2, and few-layer hexagonal boron ni-
tride (hBN) were mechanically exfoliated from commer-
cial bulk crystals (HQ Graphene). The stacking angle
between the constituent monolayers was controlled dur-
ing the transfer process and precisely measured using
polarization-resolved second harmonic generation (see
Supplementary Information). The samples were charac-
terized by reflectivity contrast (RC) and photolumines-
cence (PL) measurements performed at a temperature of
10 K. The low-temperature RC and PL spectra for mono-
layers and heterobilayers are shown in the Supplementary
Information.
Optical measurements. The spin–valley dynamics in
hBN-encapsulated Mo1−xWxSe2/WSe2 heterobilayers
was measured via time-resolved Kerr rotation micro-
spectroscopy. Frequency-degenerate pump and probe
pulses are derived from a Ti:sapphire oscillator (Spectra
Physics, Tsunami) and focused onto the sample with a
long working distance microscope objective (Mitutoyo
Plan Apo 20X/0.26). The laser spot size on the sample
is kept within the 5-10 µm range. The polarization of
the pump pulse is modulated at 50.1 kHz between the
left-hand and right-hand circular polarization states
with a photo-elastic modulator (Hinds Instruments,
PEM-100), and the probe is polarized linearly perpen-
6dicular to the plane of incidence. The pump and probe
pulses are delayed with a mechanical delay line and
offset spatially to yield a small (10◦) angular offset on
the sample, which allows blocking the pump beam in
the detection channel. The rotation angle of the probe
pulse polarization plane is measured in the reflection
geometry using an optical bridge and lock-in detection at
50.1 kHz. In order to reduce the noise due to the residual
scattered pump beam, the probe beam is modulated
at 450 Hz with an optical chopper, and the final Kerr
rotation signal is detection with an additional lock-in
amplifier. For all TRKR measurements, the power of the
pump beam is kept within the 50-200 µW range, and the
probe-to-pump intensity ratio is kept at 1:4. For all mea-
surements, the samples are mounted in a low-vibration
closed cycle cryostat (ColdEdge Technologies) and main-
tained at a controlled temperature in the 10-300 K range.
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